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The development of follicles in the mammalian ovary involves a bidirectional communication system between the
follicular cells and oocyte that is now beginning to be characterized. Little is known about the mechanisms underlying the
beginning of the oocyte growth and the acquisition of the competence to resume meiosis by the growing oocyte. In the
present study, we devised a multistep culture system for mouse oocytes obtained from 15.5- to 16.5-days postcoitum
embryos (mean diameter  SEM, 9.7  1.3 m), allowing three stages of the oocyte growth to be identified: (i) an early stage
in which the oocyte growth is induced by direct stimulation of a soluble growth factor, namely stem cell factor (SCF),
independent of the formation of gap junctions with granulosa cells; (ii) a second phase in which the oocyte growth depends
on the combined action of SCF and contacts with granulosa cells; and (iii) a third phase of granulosa cell-dependent,
SCF-independent growth. At each stage, key events of oocyte development and differentiation, such as the c-kit
reexpression, the early zona pellucida assembly, and the beginning of follicologenesis, were observed to occur independently
by the presence of SCF. At the end of the in vitro growing phases, lasting 18–20 days, oocytes reached a size (50  2.5 m)
and a chromatin differentiation (stage I-II) equivalent to those of 9- to 10-day-old preantral oocytes and were unable to
complete the growth phase. About 50% of the in vitro-grown oocytes were induced to resume meiosis by okadaic acid (OA)
treatment. However, a significant fraction of them (48%) showed inability to maintain the chromosome condensation in
M-phase. When in vitro-grown oocytes were treated with UO126, a specific MEK inhibitor that prevents activation of
mitogen-activated protein kinases (ERK-1 and ERK-2), for 1 h before, during, and following OA treatment, only 22% of
oocytes underwent germinal vesicle breakdown after 24 h from the OA treatment. These studies demonstrate that SCF
alone can induce the onset of the oocyte growth. This is, however, not sufficient to fully activate the mechanisms governing
the acquisition of the meiotic competence previously described as a 15-day oocyte-autonomous clock starting at the onset
of growth. The inability of oocytes to progress into the last stages of growth and the lack of synchrony between nuclear and
cytoplasm maturation showed by a subset of them resemble the characteristics of oocytes from connexin-37- and
-43-deficient mice and indicate the preantral/antral transition point as a critical stage of oocyte development requiring the
coordinated differentiation of the oocyte with granulosa cells and the maintenance of adequate communication between
these two cell types to assure the correct oocyte meiotic maturation. © 2002 Elsevier Science (USA)
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The neonatal mouse ovary contains thousands of primor-
dial follicles, consisting of oocytes 12–15 m in diameter
arrested in the diplotene stage of the first meiotic prophase,
surrounded by a few flattened granulosa cells. From this
quiescent primordial follicle pool, a few follicles start to
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All rights reserved.differentiate every day into developing primary follicles.
The mechanisms controlling the activation of primordial
follicles and oocytes are not known. However, intragonadal
factors independent of gonadotropins are likely to be in-
volved (for a review, see Eppig et al., 1996). The result of
primordial follicle activation is the initiation of oocyte
growth and maturation, which occur in concert with mul-
tiplication and differentiation of the granulosa cells. A first
wave of oocyte growth begins within 2–5 days after birth.
Oocytes grow from 12 to 20 m in diameter in primordial85
follicles, to 70 m in medium size preantral follicles, and
eventually to a fully grown size of approximately 80 m in
the large antral follicles. Growing oocytes start to synthe-
size the zona pellucida glycoproteins, accumulate RNAs
and proteins, and are connected through gap junctions to
granulosa cells, which supply them with small metabolites,
such as energy substrates, nucleotides, and amino acids (for
a review, see Buccione et al., 1990). Several evidences have
shown that oocyte growth depends on gap junction-
mediated communication between the oocyte and its com-
panion granulosa cells (for a review, see Eppig et al., 1996).
Oocytes acquire the ability to form gap junctions with
somatic cells during the fetal life (De Felici et al., 1989), and
gap junctions between oocyte and granulosa cells can be
recognized in the primordial follicles of early postnatal
mouse ovary (Mitchell and Burghardt, 1986). Several studies
indicate that gap junctions are necessary but not sufficient
to assure oocyte growth (for a review, see Eppig et al., 1996)
and that paracrine factors play a role in promoting growth
(Packer et al., 1994; Cecconi et al., 1996;Yoshida et al.,
1997). In this regard, one of the most interesting findings
has been that receptor kinase c-kit and its ligand stem cell
factor [SCF; also known as mast cell growth factor (MGF),
kit ligand (KL), or steel factor (SLF)], allelic to Dominant-
spotting (W) and Steel (Sl) loci (for a review, see Besmer et
al., 1993), are expressed in the developing ovarian follicle
from the primordial to the antral mature stages in a con-
tinuous manner (Manova et al., 1990, 1993; Motro et al.,
1981; Zsebo et al., 1990). Although deletion mutants of W
or Sl have defects in primordial germ cell development and
almost no germ cells in their gonads (Mintz and Russell,
1957; Bennet, 1956; McCoshen and McCallion, 1975), there
are other alleles of Steel mutants which result in specific
growth defects of the primordial follicles (SCF sl-t or
SCF Sl-pan; Terada et al., 1985; Kuroda et al., 1988; Huang et
al., 1993). Packer et al. (1994) and Yoshida et al. (1997))
demonstrated that the SCF/c-kit system is required for the
initial growth of the mouse oocyte within the early postna-
tal ovary, while at later stages, additional paracrine factors
are likely to be necessary (Cecconi et al., 1996).
During the growing phase, oocytes progressively acquire
competence to resume meiosis, undergo fertilization, and
complete preimplantation development (for a review, see
Eppig et al., 1996). Competence to resume meiosis is not
achieved until late in oocyte development and is correlated
with oocyte diameter, the appearance of a chromatin rim
around the nucleolus, and cytoskeletal reorganization (So-
rensen and Wassarman, 1976; Wickramasinghe et al., 1991).
In vitro studies showed, however, that competence for
meiosis resumption, revealed by oocyte spontaneous germi-
nal vesicle breakdown (GVBD) when it is experimentally
removed from the follicle, can be acquired about 2 weeks
after the beginning of growth independently from the oo-
cyte size, providing the oocytes receive the right supple-
ment of still unknown soluble factors (Canipari et al., 1984;
Chesnel et al., 1994). Nevertheless, intercellular signals via
gap junctions contribute to the acquisition of such compe-
tence since mice which lack connexin-37, within the gap
junctions between the oocyte and granulosa cells, show
arrest of oocyte growth and development before meiotic
competence is fully achieved (Simon et al., 1997). Similarly,
defective granulosa cell development in connexin-43-
deficient mice results in arrest of oocyte growth and failure
to undergo meiotic maturation (Ackert et al., 2001). Inter-
estingly, although the final acquisition of the meiotic
competence depends on somatic cell signaling, oocytes
appear to progress toward such an ability by means of an
autonomous program (Chesnel et al., 1994).
In the present work, we aimed to determine whether and
to what extent SCF was able to promote the growth of
oocytes in the absence of gap junctions with supporting
somatic cells and whether SCF signaling was sufficient to
activate the 15-day countdown that apparently governs the
oocyte-autonomous program for acquisition of meiotic
competence, which starts at the beginning of growth (Ca-
nipari et al., 1984). Since c-kit is expressed in primordial
germ cells throughout the period of their proliferation [from
about 8.5–13.5 days postcoitum (dpc)] and ceases at around
13.5–14.5 dpc to be reexpressed during the first wave of
oocyte growth around birth (Manova and Bachvarova,
1991), we tested these hypotheses by isolating 15.5- to
16.5-dpc oocytes in culture. After finding that SCF was able
to induce most of these oocytes to begin the growth phase
in the absence of gap junctions with somatic cells, we
tested whether such growing oocytes were able to progress
through the growth phase and achieve characteristics of
meiotic maturation when cultured for an additional 2
weeks onto granulosa cell monolayers.
MATERIALS AND METHODS
Collection and Culture of Oocytes
Oocytes were isolated from ovaries of 15.5- to 16.5-days postco-
itum (dpc) embryos of CD-1 mice (Charles River, Italy), according
to the method described by De Felici et al. (1999). They were then
collected with a mouth-operated pipette and transferred to a Falcon
tube containing 0.5 ml of DMEM (about 4 104/ml), supplemented
with antibiotics (75 mg/L penicillin-G, 50 mg/L streptomycin
sulphate), 0.25 mM pyruvate, nonessential amino acids, and 5%
horse serum (HS), 2.5% fetal calf serum (FCS) (GIBCO, BRL). When
indicated, recombinant mouse SCF (R&D Systems), insulin-like
growth factor-1 (IGF-1; R& D Systems), and the monoclonal
antibody ACK-2 (GIBCO/BRL), known to strongly inhibit the
action of SCF by binding to its receptor c-kit (Ogawa et al., 1991;
Nishikawa et al., 1991), were added to the culture medium.
Growth factors and ACK-2 were added at the beginning of culture
and replenished on the third day. Cultures were carried out for 4
days at 37°C in a humidified atmosphere of 5% CO2 in air. Since in
this first culture step it was not possible to follow the oocyte
growth individually, the diameter of vitellus of different samples of
100–200 oocytes on days 0 and 4 of in vitro culture was measured
with an ocular micrometer attached to a phase contrast micro-
scope. Values were determined from at least three independent
experiments.
In a series of experiments, after 4–6 days of culture, groups of 15
growing oocytes were picked up under a stereomicroscope, washed
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through two drops of Waymouth medium (see below), and pipetted
onto precultured granulosa cell monolayers (see below). Granulosa
cell monolayers were cultured for up to 6–7 days after oocyte
seeding. Addition of SCF and ACK-2 was performed as reported
above. During this second phase of culture, the oocyte diameter
was measured on each day of culture by using a computer analysis
imaging device as reported below. The diameters of freshly col-
lected oocytes from 9- to 15-day-old mice (at least 100 for each age)
were also measured for comparison.
When indicated, the zona pellucida of the cultured oocytes was
removed by treatment with Tyrode solution (Nicolson et al., 1975).
Culture of Granulosa Cells
Preantral granulosa cells were obtained from the ovaries of 10- to
12-day-old mice. Briefly, 2–3 layered follicles were released by
puncturing the ovaries in M2 medium (Quinn et al., 1982) and
incubated in the same medium containing 1 mg/ml collagenase
(type I; Sigma) (10–15 min, 37°C) to digest the theca and allow
oocyte isolation. After washing the follicles twice in M2, oocytes
were stripped off the enclosing follicular cells by pipetting with a
drawn Pasteur pipette. Compact groups of granulosa cells from
20–30 follicles were transferred to each of 20-l wells of a Terasaki
dish (Falcon). Cultures were carried out in Waymouth’s medium
supplemented with 5% HS and 2.5% FCS at 37°C in a humidified
atmosphere of 5% CO2 in air. Within 24 h, the follicle cells spread
out to form a nearly complete monolayer, and at this time, 15
oocytes were seeded in each well (see above). Granulosa cell
monolayers were cultured for up to 6–7 days after oocyte seeding,
and half of the medium was changed on the third day. A computer
analysis image device acquired images of the oocytes on each day of
the culture so that the growth of each could be assessed. When
indicated, a brief incubation (about 1 min, 37°C) in 2.5 mg/ml
trypsin and 3 mg/ml EDTA solution in PBS was used to detach the
monolayers and to recover the seeded oocytes.
Analysis of Meiotic Progression, Apoptosis, and
Oocyte Differentiation in Culture
The meiotic progression and apoptosis of fetal oocytes in culture
was morphologically evaluated by nuclear staining with Hoechst
33258 (De Felici et al., 1999). Briefly, samples of oocytes were
allowed to attach to poly-L-lysine-coated slides, fixed with 4%
paraformaldehyde for 10 min, and labeled with Hoechst 33258
(Calbiochem) (1 g/ml, 10 min, room temperature). Fluorescence
was detected under a Zeiss Axioplan-2 microscope.
The expression of c-kit receptor and the presence of the zona
pellucida were used as markers of oocyte differentiation in culture.
The former was assessed by RT-PCR and immunostaining. RT-
PCR was performed as previously reported (Pesce et al., 1996). For
immunostaining, oocytes were incubated in 100 l M2 containing
5 g/ml of the antibody ACK-2 (Gibco/BRL) specific for mouse
c-kit for 1 h at 4°C. After washing, cells were incubated in
TRITC-conjugated anti-rat IgG secondary antibody (Sigma) for 30
min at 4°C. Fluorescence was detected as reported above.
The presence of the zona pellucida around the oocyte surface
was examined under a phase contrast microscope and by staining
for the WGA lectin. For the latter, oocytes were fixed with 4%
paraformaldehyde for 10 min, washed, and labeled with 50 g/ml
peroxidase-conjugated WGA (Sigma) in M2 (1 h, 37°C).
Evaluation of Oocyte Chromatin Configuration and
Meiotic Competence
Previous studies have identified four discrete patterns of GV
chromatin organization (I–IV), as evaluated by fluorescence micros-
copy in Hoechst 33258, which represent sequential maturation
stages of the mouse oocyte (Mattson and Albertini, 1990). To
evaluate GV chromatin organization, at the end of the indicated
culture time, oocytes were fixed and subjected to the Hoechst
staining (1 g/ml, 10 min, room temperature), washed, and finally
mounted in a 50% glycerol–PBS solution. Fluorescence was de-
tected as reported above.
To determine whether oocytes at the end of the indicated culture
time expressed meiotic competence, they were cultured in groups
of 10–20 in a 100-l drop of Waymouth’s medium supplemented
with 0.25 mM pyruvic acid and 10 mg/ml bovine serum albumin
(fraction V; Sigma), under paraffin oil for 24 h at 37°C in a
humidified atmosphere of 5% CO2 in air. Since none of the oocytes
exhibited GVBD under these culture conditions (see Results), they
were cultured for 3 days in the presence of 200 M N6, O2-
dibutyryladenosine-3, 5cyclic-monophosphate (dbcAMP; Sigma),
a condition reported to promote acquisition of GVBD competence
by initially GVBD-incompetent oocytes (Chesnel et al., 1994). In
other experiments, oocytes were incubated for 3 h in Waymouth’s
medium containing okadaic acid (OA; Sigma) (1 M, 37°C), an
inhibitor of phosphatase 1A and 2A, a treatment known to induce
GVBD in incompetent oocytes (Chesnel et al., 1994; Chesnel and
Eppig, 1995; de Vante`ry et al., 2000). After OA treatment, oocytes
were washed and further cultured for 24 h in Waymouth’s medium
under the conditions reported above. At the end of this culture
time, the chromatin morphology of the oocytes was evaluated by
Hoechst staining as reported above. In some experiments, to
investigate the role of mitogen-activated protein kinase (MAPK)
activation in the OA-induced meiotic resumption, oocytes were
treated with 25 M U0126 (Promega), a specific MEK-1 inhibitor
that prevents activation of MAPK (ERK-1 and ERK-2) (Favata et al.,
1998; DeSilva et al., 1998), for 1 h before, during, and following OA
treatment.
RESULTS
SCF Promotes Gap Junction-Independent Oocyte
Growth
In a first series of experiments, we observed that, in
addition to a previously demonstrated anti-apoptotic effect
(De Felici et al., 1999), the presence of SCF in the culture
medium induced the majority of the nonapoptotic oocytes
to grow in a dose-dependent manner. Oocytes grew singly
or more often in small clusters of two to four cells. After 4
days of culture, the mean diameter of the oocytes treated
with 50–100 ng/ml SCF was approximately double in
comparison with control oocytes (19  1.5 vs 10  2.1 m,
mean  SEM) (Figs. 1A and 1C). The addition of 5 g/ml
ACK-2 to the SCF-containing medium completely pre-
vented the SCF-dependent oocyte growth. Oocytes cultured
in the presence of 50–100 ng/ml IGF-1, a compound known
to reduce apoptosis of fetal oocytes at similar levels than
SCF (Morita et al., 1999; our unpublished observations), did
not show any significant increase in diameter in compari-
son to control (Fig. 1A).
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In a further series of experiments, we found that oocyte
growth started after the second day of culture and lasted for
about 2 days. The average growth rate of the SCF-treated
oocytes during the third and fourth days of culture was
approximately 4 m/day (Fig. 1B).
Although it was possible to maintain approximately 50%
of oocytes induced to grow by SCF for up to 6 days in
culture without any visible signs of degeneration, no fur-
ther increase in the mean diameter was observed after the
fourth day.
Morphological analysis of the chromatin of control and
SCF-treated oocytes revealed that the majority of oocytes
which did not show apoptotic features showed the charac-
teristic of partly despiralizated chromatin with micro-
nucleoli of the late pachytene–early diplotene stage of the
meiotic prophase (about 80%) (Fig. 2A). Both control and
SCF-treated oocytes were able to synthesize c-kit mRNA
and to express the c-kit receptor on the membrane (Figs. 2B
and 2D). Observations under phase contrast microscope and
WGA staining did not reveal the presence of the zona
pellucida around the oocyte (not shown).
Stepwise Growing of Oocytes onto Granulosa Cells
Since oocytes stimulated by SCF were unable to continue to
grow beyond a maximum size of about 20–25 m, we next
tested whether they were able to resume the growing phase
when seeded onto granulosa cell monolayers, a condition
known to result in the formation of functional gap junctions
between oocyte and granulosa cells (for a review, see Eppig et
al., 1996). To this aim, after 4–6 days of culture, oocytes
grown in the presence of SCF were picked up by a mouth-
operated micropipette under a stereomicroscope and seeded in
groups of 15 onto granulosa cell monolayers. Observations
under a phase contrast microscope revealed that almost 80%
of these oocytes (255/320) maintained a good morphological
FIG. 1. SCF promotes the growth of fetal oocytes in culture. (A) Graph represents the mean diameter  SEM of nonapoptotic oocytes at
the beginning of culture (to  16.5-dpc oocytes) and after 4 days of culture in the absence (Contr) or in the presence of the indicated
concentrations of SCF or IGF-1. Note that the addition of 5 g/ml ACK-2 to the SCF-containing medium completely prevents the
SCF-dependent oocyte growth. Values were determined from at least three independent experiments; in every experiment, the diameter of
vitellus of 100–200 oocytes was measured. Asterisks P 0.01 in one-way ANOVA statistical comparison with the corresponding control
values. (B) Phase contrast photomicrographs showing oocytes cultured in the absence (SCF) or the presence (SCF) of SCF for 4 days. Bar,
approximately 50 m. (C) Graph representing the mean diameter  SEM increase of oocytes cultured for 0–4 days in the presence of 100
ng/ml SCF. Values were from three independent experiments (at least 100 oocytes/experiment).
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appearance throughout the whole culture period, and nearly
80% of them resumed growth during the first 3 days, indepen-
dent of the addition of SCF to the culture medium. Measure-
ments on day 7 (Table 1) revealed that the mean diameter of
oocytes grown in the presence of 100 ng/ml SCF was signifi-
cantly greater than that of oocytes cultured in the absence of
the growth factor (42  4.5 m vs 32  2.5 m; one-way
ANOVA, P  0.05%). The addition of 5 g/ml ACK-2 abol-
ished such differences (one-way ANOVA, P  0.65) and
reduced but did not completely prevent the growth of oocytes
in both experimental groups (30 2.5 and 28 2.5 m, mean
diameter of oocytes cultured in the presence or in the absence
of SCF, respectively).
On day 5–6 of culture, a thin layer of zona pellucida was
visible under the phase contrast microscope in most of the
growing oocytes, both in the presence and absence of SCF;
WGA staining demonstrated the presence of a lectin-
positive zona pellucida layer around the oocyte (Fig. 3).
In some experiments, we observed that when oocytes
were seeded onto semiconfluent granulosa cells, the feeder
layer cells moved to surround the individual oocytes form-
ing structures roughly resembling primordial/primary fol-
licles (Fig. 4). Such granulosa cell behavior was independent
of the presence of exogenous SCF.
FIG. 2. (A) Representative photomicrograph of oocytes at the pachytene/diplotene stage of the meiotic prophase after 4 days of culture in
the presence of 100 ng/ml SCF and Hoechst staining. Bar, approximately 20 m. (B and C, D) Expression of c-kit in oocytes in culture as
revealed by RT-PCR and immunohistochemistry, respectively. (B) Lanes 1, 2, 3, 4: c-kit expression in oocytes at 0 (16.5 dpc), 1, 3, and 4 days
of culture, respectively; for each sample, -actin used as a positive control to determine the quality of total RNA as shown in lanes 5, 6,
7, and 8, respectively. RT-PCR analyses were repeated twice by using different batches of mRNA obtained from freshly collected 16.5-dpc
oocytes (time 0) and from oocytes cultured in the presence of SCF for the indicated culture times. The faint lower bands in lanes 1–4
correspond to excess not amplified c-kit primers. (C, D) Immunolocalization of c-kit protein by ACK-2 antibody on the membrane of
oocytes at the beginning (16.5-dpc oocytes) and after 4 days of culture in the presence of SCF, respectively. Bar, approximately 20 m.
TABLE 1
Growth of Oocytes on Granulosa Cell Monolayers
after 7 Days of Culture
Treatment
Oocyte diameter
(m, mean  SEM)
Number of
oocytes
Control 32  2.5 100
Control  ACK-2 28  2.0 63
SCF 42  4.5* 185
SCF  ACK-2 30  3.2 55
* One-way ANOVA; P  0.05%.
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In order to verify whether the inability of the oocytes to
progress through the growth phase after 6–7 days was due to
their intrinsic incompetence or to exhaustion of the sup-
porting activity by granulosa cell monolayers, oocytes cul-
tured in the presence of SCF were recovered from the cell
monolayers on day 7 by trypsin–EDTA treatment (see
Materials and Methods), freed from the zona pellucida, and
seeded onto freshly prepared (1 day of culture) granulosa cell
monolayers. A significant percentage of oocytes (about
48%, 120/250) resumed growth and during the following
6–7 days of culture reached a mean diameter of 50 2.5 m
(Fig. 5). This phase of oocyte growth was independent of the
presence of SCF and no further increase in oocyte size was
observed when the subculturing step was repeated (not
shown).
In a typical experiment, oocytes isolated from a 16.5-dpc
fetal ovary reached the final size after a total of 18–20 days
of culture. Since the gestation period of the mouse is 19–20
days, the chronological age of these oocytes corresponds
approximately to that of 13- to 15-day-old in vivo-grown
oocytes. The final diameter of the in vitro-grown oocytes
(50  2.5 m) was, however, in the range of that of oocytes
from 9- and 10-day-old mice (45.5  0.2 and 50  0.5 m,
respectively) and significantly smaller than that of oocytes
of equivalent chronological age (13 and 15 days old; 55 0.5
and 60  2.5 m, respectively) (Sorensen and Wassarman,
1976).
Characterization of GV Chromatin Patterns and
Meiotic Competence of the in Vitro-Grown
Oocytes
At the end of the culture period, the GV chromatin
morphologies of the in vitro-grown oocytes correspond to
the patterns of staining with Hoechst known as stages I and
II (25 and 35 of 60 examined oocytes, respectively; Figs. 5A
and 5B) typical of 13- to 15-day-old meiotically incompetent
oocytes (Mattson et al., 1990; Wickramasinghe et al., 1991).
Similar to these oocytes, in vitro-grown oocytes were un-
able to spontaneously undergo GVBD within 1 day of
isolation from granulosa cell monolayers (not shown). How-
ever, unlike 13- to 15-day-old oocytes, which can be in-
duced to undergo GVBD following preculturing in dbcAMP,
FIG. 4. Formation of primordial/primary follicle-like complexes
of granulosa cell–oocyte in culture (arrowheads). Upper and lower
panels show microscopic fields of two different culture replicates.
Bar, approximately 30 m.
FIG. 3. Representative photomicrographs of oocytes cocultured
on granulosa cells in the presence of 100 ng/ml SCF. (A) Oocytes
stained for WGA after the first 6–7 days of culture onto granulosa
cell monolayers showing the presence of a lectin-positive zona
pellucida layer (arrows). (B) Phase contrast photomicrograph of
oocytes isolated from the granulosa cell monolayers after a similar
culture period. Arrows indicate zona pellucida. Bar, approximately
35 m.
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(Chesnel et al., 1994), none of the in vitro-grown oocytes
acquired meiotic competence following a 3-day incubation
in 200 M dbcAMP (not shown).
Since several studies showed that OA, an inhibitor of
phosphatase 1A and 2A, can induce incompetent oocytes to
resume meiosis (Gavin et al., 1991; Alexandre et al., 1991;
Chesnel et al., 1994; Chesnel and Eppig, 1995; de Vante`ry et
al., 1996, 2000), we next tested whether in vitro-grown
oocytes were able to respond to OA treatment. The results
showed that when oocytes cultured in the presence of SCF
in a three-step culture system (18–20 days of culture) were
incubated in 1 M OA-containing medium for 3 h, washed,
and transferred to a control medium, 48.7% of them (73/
150) underwent GVBD following a 24-h treatment. These
oocytes did not extrude the first polar body and were
consequently classified by using chromatin staining to
assess the degree of meiotic progression as follows: (i)
oocytes showing early stages of chromatin condensation
(15/73, 20.5%) (Fig. 5C), (ii) oocytes with chromosomal
bivalents (23/73, 31.5%) (Fig. 5D), and (iii) oocytes contain-
ing a centrally located mass of chromatin that lacked a GV
boundary and nucleoli (35/73, 47.9%) (Fig. 5E).
To verify whether, as reported in previous studies on
incompetent oocytes (Chesnel and Eppig, 1995; de Vante`ry
et al., 2000), the induction of GVBD triggered in these in
vitro-grown oocytes by OA was dependent on the activation
of MAP kinases, we used UO126, a specific MEK-1 inhibi-
tor that prevents activation of MAP kinases (ERK-1 and
ERK-2) (Favata et al., 1998; DeSilva et al., 1998). We
consequently treated oocytes with 25 M UO126 (a con-
centration able to completely abolish MAP kinase activa-
tion in fully grown mouse oocytes undergoing GVBD; our
unpublished observations) for 1 h before, during, and fol-
lowing OA treatment. Under such culture conditions, only
22% (11/50) of oocytes underwent GVBD by 24 h after OA
treatment.
DISCUSSION
Successful maturation, fertilization, and preimplantation
embryo development depend on a regulated program of
oocyte growth and differentiation coordinated with devel-
opment and differentiation of the surrounding follicular
cells. In mammals, the mechanisms that control such
processes are complex and still relatively unknown. In
particular, little is known about the mechanisms underly-
ing the beginning of the oocyte growth and the acquisition
of competence to resume meiosis by the growing oocyte. It
is therefore important to devise experimental models and
FIG. 5. Hoechst chromatin patterns of in vitro-grown oocytes. (A, B) Stage I and II germinal vesicle chromatin in oocytes cultured for
approximately 20 days. (C–E) OA-induced chromatin condensation in in vitro-grown oocytes (about 20 days of culture), including early
stages of chromatin condensation (C), chromosomal bivalents (D), and the compacted chromatin mass (E). In (D), a clump of
Hoechst-positive granulosa cells remaining after oocyte detachment from the cell monolayer is also visible on the top of the oocyte. Bar,
approximately 25 m.
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approaches which allow one to study such mechanisms. In
particular, the relative contribution of soluble factors and
junction-mediated modes of communication during prean-
tral oocyte development remains unresolved, mainly due to
the difficulty in experimentally separating the various sig-
naling mechanisms.
In the present study, using a multistep culture system,
we have identified three stages of the oocyte growth: an
initial stage in which oocyte growth is induced by direct
stimulation of a soluble growth factor, namely SCF, and is
independent by gap junctions with somatic cells; a second
phase in which oocyte growth can be promoted by the
combined action of SCF and granulosa cell contacts, likely
via gap junctions; and a third phase of granulosa cell-
dependent, SCF-independent growth. In the fetal and post-
natal ovary, SCF is expressed in a pattern consistent with a
role in oocyte growth (Manova et al., 1993). A role of SCF in
promoting the early growth of the mouse oocyte has been
previously demonstrated in a culture system in which the
gap junction communication between granulosa cells and
oocyte was reduced but not eliminated (Parker et al., 1994).
Moreover, Yoshida et al. (1997) showed that follicle devel-
opment depends on SCF only during the first 5 days after
birth. The existence of a late SCF-independent phase of
oocyte growth has previously been suggested by Cecconi et
al. (1996), who showed that 12-day-old oocytes can be
stimulated to growth in vitro by not-identified growth
factor/s, different from SCF, secreted by granulosa cells.
The mechanism/s by which SCF causes oocyte growth is
not known. Proteins involved in c-kit signal transduction,
such as PI-3 kinase, MAP kinases, and Janus-activated
kinase 2 (JAK2), are possible candidates. (Blume-Jensen et
al., 2000; Kissel et al., 2000; Wu et al., 2000; Weiler et al.,
1996). The culture system used in the present work is
suitable to address such problems in future experiments.
Interestingly, in the first step of our in vitro culture
method, most of the nonapoptotic oocytes begin to grow
under SCF stimulation. Since the growing follicles esti-
mated in the in vivo mouse ovary on days 6 and 7 represent
only about 2% of the total oocyte population (Peters et al.,
1973; Pedersen, 1969; Lintern-Moore and Moore, 1979), our
data support the notion that within the ovary the limited
supply of certain growth factor/s and/or growing follicles
restricts the number of oocytes that initiate growth (Krarup
et al., 1996; Byskov et al., 1997; Durlinger et al., 1999).
Whatever the SCF signal/s promoting the oocyte growth,
it is alone insufficient to allow the oocyte growth above
approximately 25 m in diameter. It is likely that oocytes
which reach this size (corresponding to a volume of 8177
l3) need to increase the surface-to-volume ratio by estab-
lishing gap junction contacts with granulosa cells in order
to continue growth. This increases the rate at which small
molecules having nutritive or regulatory functions can
enter the oocyte. Moreover, mammalian oocytes are defi-
cient in the transport systems required for efficient entry of
some molecules (for a review, see Eppig et al., 1996) and so
gap junction-mediated transport of these molecules is prob-
ably crucial at this stage of oocyte growth.
At the onset of the culture, oocyte growth precedes by a
couple of days that of its in vivo counterparts (Peters, 1969;
Byskov, 1986), probably due to availability of exogenous
SCF. At the end of the culture period, however, the oocyte
diameter was smaller than that of oocytes of equivalent
chronological age. In fact, after 18–20 days of culture,
oocytes reached a mean diameter of 50  2.5 m, within
the range of that of preantral oocytes isolated from 9- to
10-day-old mice, but significantly smaller than oocytes of
the equivalent chronological age (13 and 15 days old; 55 
0.5 and 60  2.5 m, respectively). Previous studies have
shown that the growth pattern of mammalian oocytes in
culture is not equivalent to their growth in vivo (Eppig and
O’Brien, 1996; Eppig and Schroeder, 1989). This could be
due to several factors, including insufficient maintenance
of gap junction communication in vitro, reduced paracrine
signaling, or both.
After three phases of growth, oocytes in vitro were unable
to complete the final growth stage corresponding to the in
vivo antral follicle stage. It is likely that, to move the
oocyte past the preantral/antral transition point, a critical
number of gap junctions and/or signals from granulosa cells
are necessary. This in turn could depend on accompanying
granulosa cell differentiation regulated by gonadotropins
and by signals from the oocyte itself (for a review, see Eppig
et al., 1996). In this regard, selective deletion of connexins
expressed in the follicle has demonstrated that defects both
in signaling between oocyte and granulosa cells and inter-
cellular coupling between granulosa cells severely affected
oocyte growth and the acquisition of meiotic competence.
In fact, oocytes lacking connexin-37 (a deletion resulting in
impairment of oocyte-granulosa gap junction intercellular
communication; Simon et al., 1997) are able to grow up to
a maximum diameter of about 50 m, similar to that
achieved by the oocytes in our culture system. These
oocytes also show a reduced ability to undergo spontaneous
GVBD (56% in comparison to more than 90% of wild-type
oocytes) (Carabatsos et al., 2000). Similarly, oocytes from
connexin-43-deficient mice (which have a defect in the
coupling between granulosa cells) grow at reduced rate
(final mean diameter 53 m) and fail to undergo GVBD
(Ackert et al., 2001).
Some important events of oocyte development observed
in the present culture system were independent of the
presence of SCF and growth, such as the reexpression of
c-kit receptor by oocytes reaching the pachytene/diplotene
stage, meiotic progression, and the initial zona pellucida
assembly. In vivo c-kit is expressed in primordial germ cells
(PGCs) from 8.5 dpc; expression continues throughout the
period of PGC proliferation to 13.5 dpc and ceases around
13.5–14.5 dpc, to be reexpressed in the first wave of growing
oocytes around birth (Manova and Bachvarova, 1991).
Mouse zona pellucida is synthesized and secreted by the
growing oocyte itself (Bleil and Wassarman, 1980), and the
zona is present as a thin layer of extracellular matrix in the
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early stages of oocyte growth (20–40 m in diameter;
Wassarman and Josefowicz, 1978). Roller et al. (1989) re-
ported that in vivo mRNAs for zona glycoproteins begin to
accumulate in the growing mouse oocyte about 15 m in
diameter. Since in our study we did not observe the pres-
ence of the zona in oocytes which during the first granulosa
cell-independent growth phase reached the diameter of 25
m, it is tempting to speculate that the presence of granu-
losa cell induces the synthesis and/or is at least necessary
for the initial assembly of the zona.
The formation of oocyte–granulosa cell complexes re-
sembling rudimental primordial/primary follicles was an-
other interesting SCF-independent phenomenon that we
observed during the oocyte culture on granulosa cells. Very
little is known about the molecular mechanisms underly-
ing this crucial process, which normally occurs in the
mouse ovary during the first week after birth. Our observa-
tion that granulosa cells grown at subconfluency move
around individual oocytes rather than forming a spread
monolayer in the culture dish suggests that the oocyte
produces factor/s or adhesive molecules able to attract and
direct follicle cell migration.
The culture system devised in the present work allows
the maintenance of oocytes for up to 20 days in culture
without visible signs of degeneration, and so it was inter-
esting to verify the stage of maturation reached by these
oocytes in culture. Although the acquisition of competence
to undergo GVBD is normally correlated with oocyte
growth (approximately 60 m in diameter; Sorensen and
Wassarman, 1976), these two processes are independent of
each other. This was demonstrated by culturing oocytes
from 7- to 13-day-old mice on a monolayer of fibroblasts
that sustains oocyte viability but does not allow the forma-
tion of gap junctions and oocyte growth. Many of these
oocytes acquired competence to undergo GVBD at a time
similar to that when GVBD competence is acquired in vivo
(around 15 days after birth), but without achieving a diam-
eter of 60 m (Canipari et al., 1984). Similarly, Chesnel et
al. (1994) showed that GVBD-incompetent oocytes freshly
isolated from 15-day-old mice (diameter around 60 m)
acquired the GVBD competence following 3 days of culture
in the presence of somatic cell-conditioned medium or 200
M dbcAMP without increasing in size. Furthermore, oo-
cytes progress toward becoming GVBD-competent by
means of an autonomous program independent of somatic
cells (Chesnel et al., 1994). It is possible that SCF starts this
clock in motion at the onset of oocyte growth by inducing,
for example, the slow accumulation of factors required for
resuming meiosis (i.e., p34cd2, cyclin B1, MAPK, cdc25;
Chesnel and Eppig, 1995, Harrouk and Clarke, 1995; de
Vante`ry et al., 1996; Mitra and Schultz, 1996; Kanatsu-
Shinohara et al., 2000). However, we have demonstrated
here that under our culture conditions, none of the oocytes,
although reaching a chronological age compatible with
spontaneous GVBD (around 15 days), acquired such capa-
bility. Moreover, dbcAMP did not promote the acquisition
of GVBD competence by such in vitro-grown oocyte.
Analysis of chromatin morphology of the in vitro-grown
oocytes showed an equal ratio of stage I to stage II chroma-
tin patterns, indicating that they had reached a nuclear
stage of maturation equivalent to small- and medium-size
oocytes of preantral follicles of 12- to 13-day-old mice
(Mattson and Albertini, 1990). In contrast to these oocytes,
which have a low ability to respond to OA and to resume
meiosis in vitro (about 20–25%; Chesnel et al., 1994; de
Vante`ry et al., 2000), oocytes grown in our culture system
exhibited heightened sensitivity to OA-induced GVBD
(about 50%). Previous studies have shown that, if incom-
petent 12- to 15-day-old oocytes are cultured for 48 h
(Chesnel and Eppig, 1995) or microinjected with mRNA
encoding either p34cdc2 or cyclin B (de Vante`ry et al.,
1997), OA responsiveness increases to about 90%. More
recently, de Vante`ry et al. (2000) demonstrated that the
MEK–MAPK pathway is implicated in such OA-increased
response and that the OA pathway can induce meiotic
resumption in the absence of MPF activation. Taken to-
gether, these observations and the results reported in the
present paper, including the finding that a specific inhibitor
of MEK (UO126) significantly reduced the OA-induced
GVBD in the in vitro-grown oocytes, suggest that a signifi-
cant fraction of these oocytes (about 50%) possess a MEK–
MAPK pathway that can be more readily activated than in
vivo oocytes of comparable size and chronological age.
By sampling chromatin pattern at 0, 3, and 6 h after OA
treatment, a progression from early GVBD to bivalent
chromosomes and finally to compacted chromatin has been
previously demonstrated (Carabatsos et al., 2000). The
relatively large fraction of oocytes induced to undergo
GVBD by OA, which are unable to progress past the early
phase of GVBD (about 20%) or which showed compacted
mass of chromatin (about 50%) by 24 h following OA
treatment, reveals the high frequency of cytoplasmic im-
maturity in promoting and sustaining meiotic M-phase.
Interestingly, a similar increased OA responsiveness asso-
ciated with cytoplasmic immaturity characterizes oocytes
of mice lacking connexin-37. In fact, these oocytes, aside
from the growth arrest and the reduced ability to resume
meiosis reported above, respond acutely to OA with GVBD
and upon removal of OA rapidly revert to an interphase
state (Carabatsos et al., 2000).
In conclusion, the multistep oocyte growth culture method
devised in this study allows for some important events of early
mouse oogenesis, such as the beginning of oocyte growth,
c-kit reexpression, and early zona pellucida assembly by the
oocyte and the onset of follicologenesis to be reproduced in
culture. Of particular interest is the finding that the entry into
the growth phase is an SCF-dependent event completely
independent of contact communication with follicle cells. As
expected, however, contact communication is essential for
late oocyte development and especially for the passage to the
preantral follicle stage. The failure of the in vitro-grown
oocytes to complete the growth and the lack of synchrony
between nuclear and cytoplasm maturation showed by a
subset of oocytes are likely due to insufficient parallel differ-
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entiation of companion granulosa cells and deficient oocyte–
granulosa cell communication, as also suggested by the simi-
lar defects observed in the oocytes from connexin-37- and
-43-deficient mice.
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